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In Brief Bahl et al. employ optical illusions in behavioral experiments in Drosophila to investigate mechanisms and neuronal correlates of spatial contrast computation. They find that spatial contrast and motion cues are computed largely in parallel and that both pathways eventually converge.
INTRODUCTION
Computation of spatial contrast, the local difference in adjacent luminance values, allows animals to distinguish between figure and ground, to detect edges, and to visually adapt to the dynamic range of the current visual scene. Despite the importance of such computations for a wide range of visual behaviors, the mechanisms underlying spatial contrast computation are not well-understood in any organism. Optical illusions elicit visual perceptions that differ from physical reality and can serve as a tool in psychophysical experiments to explore how the brain computes. For example, when a gray bar of uniform luminance is embedded in a gradient background, humans perceive a brightness gradient within the bar, which indicates that human brightness estimation is based on relative rather than absolute luminance (Adelson, 2000) . Such illusions are static and require the experimental subject to report its perception. Hence, they are difficult to use in other species. Motion illusions, however, often elicit behavioral responses and can be transferred to simple model organisms (Bü lthoff and Gö tz, 1979; Eichner et al., 2011; Tuthill et al., 2011) . A motion illusion based on spatial contrast computation, the contrast motion illusion, has recently been described in human psychophysics (Shapiro and Hamburger, 2007) . Here, several dark stripes are embedded in a gradient background which is dark on the left and bright on the right end. When all stripes brighten simultaneously, humans report illusory motion to the right (see Movie S1 available online). The contrast motion illusion is thought to rest on similar principles as another type of contrast illusion known as the single-field contrast asynchrony illusion (Shapiro et al., 2004) : A single stripe is embedded in a dark or in a bright background. When an identical sinusoidal luminance change is applied to the stripe, humans report that the modulations are out of phase for the different background conditions (Movie S2). This indicates that humans perceive temporal variations of spatial contrast rather than luminance. Responses to such contrast stimuli cannot be explained by classical models of motion vision based on spatiotemporal correlation of luminance (Shapiro et al., 2005) . Alternatively, it was hypothesized that rectified center-surround filters compute spatial contrast and further integrate such cues in higher visual centers. However, detailed systematic dissections of the computational mechanisms are missing, and very little is known about potential neuronal circuits involved.
In order to investigate visual processing at the cellular level, humans offer limited experimental access. In contrast, other species, such as the fruit fly Drosophila melanogaster, provide various tools for such a purpose. Drosophila has a set of innate and robust visual behaviors and can be genetically modified. The anatomy and connectivity of the visual system is well-known (Fischbach and Dittrich, 1989; Takemura et al., 2013) and is accessible via electrophysiology (Behnia et al., 2014; Joesch et al., 2008) . The visual system is arranged in a retinotopic manner and forms several neuropils for visual processing (Figure 1A) . Photoreceptor input from R1-R6 provides direct or indirect signals to lamina neurons L1-L5 ( Figures 1B and S1A ). Subsequently, L1/L5 and L2/L3/L4 form separate visual pathways specialized for motion computation of luminance increments (ON pathway) and decrements (OFF pathway), respectively (Clark et al., 2011; Eichner et al., 2011; Joesch et al., 2010; Maisak et al., 2013; Meier et al., 2014; Strother et al., 2014) . Connectomics has revealed potential components of both pathways, namely Mi1 and Tm3 within the ON pathway and Tm1, Tm2, Tm4, and Tm9 within the OFF pathway (Shinomiya et al., 2014; Takemura et al., 2013) . Neurons in the two pathways converge onto T4 and T5 neurons (Bausenwein et al., 1992) , which are the first direction-selective elements in the fly visual system and which are selective for motion of brightness increments and decrements, respectively (Maisak et al., 2013) . Mi1 and Tm3 have been proposed to provide temporally different and spatially offset inputs to the T4 dendrite, giving rise to its direction-selectivity (Behnia et al., 2014; Takemura et al., 2013) . Furthermore, Mi1 and Tm3 were recently shown to also be functionally involved in the computation of motion of brightness increments (Ammer et al., 2015) . Eventually, T4 and T5 neurons converge onto lobula plate tangential cells (Figures S1B and S1C) and render vertical system cells and horizontal system cells direction-selective for motion along the vertical and horizontal axis, respectively. Genetic silencing of T4 and T5 neurons abolishes direction-selective responses in lobula plate tangential cells (Schnell et al., 2012) . Moreover, in behavioral experiments, flies are motion-blind and no longer show an optomotor response . Various aspects of fly motion vision can be modeled by the Hassenstein-Reichardt detector (Hassenstein and Reichardt, 1956 ). In this model, luminance signals from two neighboring ommatidia are differently filtered in time and subsequently multiplied. Subtracting the output of a mirror-symmetric detector subunit leads to fully opponent direction-selective responses ( Figure 1C ). Computation of visual cues other than motion, such as color (Morante and Desplan, 2008) or spatial contrast, are less explored in flies.
In this paper, we employ contrast illusions as a tool to study spatial contrast computation in Drosophila. We use tethered flies walking on an air-suspended ball in a virtual environment. Throughout the paper, we measure fly turning speed in response to various kinds of visual stimuli, which allows quantitative comparisons of the behavior and systematic dissections of the underlying computational mechanisms. In order to identify neuronal correlates, we use the GAL4-UAS system (Brand and Perrimon, 1993) to genetically target specific subsets of neurons for silencing synaptic transmission via temperature-sensitive shibire (shibire ts ) (Kitamoto, 2001; Pfeiffer et al., 2012) .
RESULTS

Flies Respond to Contrast Motion Illusions
In a first set of control experiments, we tested behavioral performance to full-field sine-grating motion ( Figure 1D ). As expected, control flies responded with a robust optomotor response, a behavior predicted by the Hassenstein-Reichardt detector (Figures 1D and 1E ). Next, we tested the contrast motion illusion as used in human psychophysics (Shapiro and Hamburger, 2007) ( Figure 1F ): several stripes are embedded in a stepped luminance gradient. We applied identical luminance dynamics to the stripes. The stimulus is designed such that luminance change is symmetric around the fly and, therefore, potential directed turning responses toward luminance change average out. Moreover, the local stripe environment is symmetric in luminance, and hence pairwise local comparisons, as performed by the Hassenstein-Reichardt detector, cancel out as well. We tested two luminance dynamics for the stripes: first, stripe luminance increased, remained bright for a few seconds, and then decreased again. Second, stripe luminance oscillated sinusoidally at 1 Hz. As expected, the Hassenstein-Reichardt detector predicted no turning response for both stimuli (Figures 1G and 1H) . However, control flies robustly responded to the contrast motion illusion: when the background was dark on the left and bright on the right end, a luminance increase elicited turning to the right and a luminance decrease turning to the left. For the 1 Hz luminance oscillations, control flies responded with a robust 1 Hz oscillatory turning response. Notably, response strengths were similar to those observed for the optomotor response, and turning directions matched the direction of illusory motion reported by human observers (Shapiro and Hamburger, 2007) . Since the observed responses to the contrast motion illusion cannot be explained by the Hassenstein-Reichardt detector, we developed two alternative hypotheses which could explain the result. First, the behavior might be a side effect of potentially unexplored interactions within the motion pathway. Second, it might be controlled by an independent visual pathway dedicated to the computation of spatial contrast. In order to test both hypotheses, we used a driver line which selectively labels T4 and T5 neurons, allowing us to silence synaptic transmission from these cells via shibire ts . T4/T5 block flies are completely motion-blind and lack an optomotor response ( Figures 1D and 1E ). Yet, when we tested the contrast motion illusion, such flies responded with exactly the same magnitude and direction as control flies ( Figures 1F-1H ). In conclusion, spatial contrast and motion computations seem to be carried out in parallel visual pathways.
Flies Respond to Single-Field Contrast Asynchronies
In order to gain a better understanding of the computational mechanisms underlying spatial contrast computation in the fly brain, we further investigated behavioral responses to another type of contrast illusion known as the single-field contrast asynchrony illusion (Shapiro et al., 2004) . In particular, this stimulus allows us to investigate whether flies respond to signed or unsigned (absolute) spatial contrast, which is not possible with the global contrast motion illusion. We presented flies with a single vertical stripe in the right visual field and modulated the stripe luminance sinusoidally at 1 Hz ( Figure 2A ). Such a stimulus contains two components, flicker of luminance and flicker of relative spatial luminance (spatial contrast flicker). The luminance flicker dynamics remain independent of background light levels but the spatial contrast flicker is background-dependent. To explore responses to spatial contrast flicker, we varied background light levels. When the stripe was presented against a dark background, control and T4/T5 block flies responded with 1 Hz turning speed oscillations of large amplitude with the same phase as the stimulus ( Figures 2B and 2C ). In contrast, when the stripe was presented against a bright background, control and T4/T5 block flies still responded with 1 Hz turning speed oscillations but responses were shifted in phase by 180 . Interestingly, an intermediate gray background led to 2 Hz turning speed oscillations, following the 2 Hz absolute spatial contrast dynamics of the flickering stripe. In summary, the observed behaviors rely on the computation of unsigned spatial contrast and are largely independent of T4 and T5 neurons, both in terms of amplitude and phase. These findings provide further evidence that spatial contrast computations are carried out in a T4/T5-independent visual circuit.
We further characterized the response oscillation amplitude to different parameters of a flickering stripe on a gray background ( Figures 2D-2I ). We first varied stimulus frequency. For all tested frequencies, control and T4/T5 block flies responded with turning speed oscillations of the frequency of the spatial contrast flicker (2$f component of the response), with the strongest response for 0.5 Hz signals ( Figure 2D ). The 1$f response component, corresponding to the luminance dynamics, however was small ( Figure 2E ) and response averages over time were close to zero ( Figure 2F ). The latter result is in contrast to previous findings which suggested that flickering stripes elicit strong directed turning toward the stimulus Pick, 1974) . We further characterized responses as function of azimuthal position, signal amplitude, and size. For both control and T4/T5 block flies, responses were strongest for stripes located at $70 ( Figure 2G ), became stronger with increasing signal amplitude ( Figure 2H ), and increased for stripe sizes up to 20
, after which the response saturated ( Figure 2I ). The amount of luminance flicker increases with stripe size. Spatial contrast flicker however only occurs at the boundary of the flickering stripe and remains independent of size once the stripe exceeds the receptive field of the underlying neuronal elements. Interestingly, T4/T5 block flies responded stronger than control flies for large signal amplitudes and for large stripe sizes (Figures 2H and 2I) . This suggests that luminance flicker, analyzed via T4/T5 cells, can reduce the responsiveness of the circuit performing spatial contrast computation.
Receptive Field Properties of Spatial Contrast Computation
In further experiments, we wanted to better characterize the spatial receptive field properties of the contrast response. To this end, we used counterphase flicker (Movie S3) which provide contrast flicker covering a large extent of the visual field. Such stimuli do not contain any net-motion and the average luminance in the area of stimulation remains constant. Hence, counterphase flicker allow characterization of the contrast system in isolation. We presented stimuli within a unilateral circular window on the right side of the fly and varied spatial frequency and orientation ( Figure 3A ).
As a control experiment, we first characterized responses to moving sine-gratings. As expected, control flies turned right and left for front-to-back and back-to-front motion, respectively, with comparable absolute amplitudes ( Figure 3B ). When we tested different spatial frequencies, motion responses in control flies decreased for high spatial frequencies and even inverted for spatial frequencies larger than 0.1 cycles per degree (l = 10 ) but no tuning was apparent for low spatial frequencies ( Figures 3C  and 3E ). The response reduction and inversion for high spatial frequencies is due to the resolution of the Drosophila eye ($5 ) (Gö tz, 1964) . Next, we presented grating motion along different axes and quantified direction-selectivity ( Figures 3D and 3E ). As expected, control flies were able to discriminate motion direction well and did not respond with horizontal turning to motion along the vertical axis. Irrespective of spatial frequency or direction, T4/T5 block flies did not respond to any of the motion stimuli ( Figures 3B-3E ).
We next tested counterphase flicker. The luminance at each point was modulated at 1 Hz, resulting in a 2 Hz modulation of the absolute spatial contrast (Movie S3). If flies follow changes in absolute spatial contrast, they should respond with a 2 Hz oscillation in turning speed. Indeed, this was the case for both control and T4/T5 block flies ( Figure 3F ). Quantification of the response to different spatial frequencies revealed a clear tuning peak at a spatial frequency of 0.5 cycles per degree (l = 20 ) (Figures 3G and 3I) . Such band-pass properties are reminiscent of a spatial antagonism involving center-surround receptive fields, which indicates that lateral inhibition is involved in the computation of spatial contrast. In order to characterize the receptive field isotropy of the contrast system, we quantified turning responses to differently oriented counterphase flicker ( Figures 3H and 3I ). We found that responses of control and T4/T5 block flies were strongly orientation-tuned. Interestingly, counterphase flicker along the vertical axis also elicited small responses and the orientation tuning curves were shifted by $30
. This shift corresponds to a 30 backward-tilted pattern and is probably due to the position of the flies which walk slightly upward on the ball.
Responses to orientations perpendicular to the preferred orientation were almost zero for control flies but still present in T4/T5 block flies. It is known that counterphase flicker elicits depolarization in T4/T5 neurons (Maisak et al., 2013 ). T4 and T5 cells then target lobula plate tangential cells as well as lobula plate intrinsic inhibitory interneurons (Mauss et al., 2015) . If the contrast and motion pathways converge in later processing stages, the latter cells might then actively suppress contrast responses along the vertical axis, improving counterphase flicker orientation tuning in control flies.
In summary, the observed spatial frequency and orientation tuning properties suggest a mechanism for contrast computation which involves lateral inhibition. T4 and T5 neurons are not required for such computations.
Identification of Neuronal Elements of Contrast Computation
Having found that unilateral counterphase flicker elicit robust contrast responses, we next used this stimulus to screen for neuronal elements underlying contrast computation. To maximize stimulus strength, we presented a vertically oriented sine-grating in a rectangular window on the right side of the fly. The sine-grating either moved front-to-back or back-to-front along the horizontal axis with a temporal frequency of 1 Hz or it flickered in counterphase, providing a 2 Hz spatial contrast flicker ( Figures 4A and 4B ). As expected, control flies followed the direction of stimulus motion ( Figure 4C ) and responded robustly to counterphase flicker with strong 2 Hz oscillatory turning responses ( Figure 4D ), as previously described (Figures 3B and 3F) . We tested ten different Gal4 driver lines, labeling cells in the lamina, medulla, and lobula ( Figures S2A and S2B) , and quantified optomotor behavior ( Figure 4E ) and responses to counterphase flicker ( Figure 4F ) for control and block flies. All flies had a comparable walking speed of around 1 cm/s ( Figure S2D ).
First, we tested the optomotor response in flies with silenced lamina neurons L1-L5. Surprisingly, we did not find response reductions when blocking L1 or L2. This can be attributed to the fact that the ON or OFF motion pathways receive redundant signals when stimulated with sine-grating motion Silies et al., 2013; Tuthill et al., 2013) . Nevertheless, we found small but significant decreases when blocking L3 or L5 and an unexpected mild increase in the response when silencing L4. Next, we quantified responses to the counterphase flicker: Blocking output of L1 led to a strong reduction of the contrast response. Blocking L2, L3, or L5 however showed no significant phenotypes. Notably, silencing L4 almost doubled the response strength, suggesting that L4 not only modulates elements for motion computation (Meier et al., 2014) , but also affects the contrast computation circuit.
These experiments indicated that the ON pathway seems to be the key player for contrast computation. In order to test for its sufficiency, we next silenced the output of L2, L3, and L4 at the same time, abolishing all input channels into the OFF pathway. We did not find a reduction of the contrast response even though further analysis indicated that the triple lamina block is functional ( Figure S3 ). This finding provides evidence that the ON pathway alone can compute spatial contrast.
We next tested medulla interneurons Mi1 and Tm3 which are known to be the major postsynaptic elements to L1 (Takemura et al., 2013) . We first tested motion responses: Mi1 block flies showed a mild, but significant, optomotor response reduction. In contrast, using two different driver lines for Tm3, we found that silencing Tm3 output did not alter the response. Blocking the output of Mi1 and Tm3 together, using a driver line which labels both neuron types (revealed by stochastic GFP-labeling; Figures S2A and S2C ), led to a strong response reduction of $50% compared to controls. Because L1-silenced flies did not show such a phenotype, this finding suggests that further lamina input to Mi1 or Tm3 play a role in motion computation, such as L3 (Silies et al., 2013; Takemura et al., 2013) . As expected, silencing T4 and T5 neurons abolished optomotor behavior completely ( Figures 4C and 4E) .
When testing counterphase flicker, Mi1-silenced flies showed a response reduction tendency, and blocking Tm3 output led to a strong response reduction comparable to that found in L1-silenced flies. Since blocking Tm3 left some residual response intact, we tested the combined Mi1/Tm3 block flies and found that responses to counterphase flicker were almost completely abolished in these flies. Yet, when blocking T4/T5, contrast responses remained fully intact ( Figures 4D and 4F ), as found previously ( Figures 3F-3I) . L1, Mi1, and Tm3 are part of the ON pathway for motion vision which converges onto T4 cells (Takemura et al., 2013) . In order to determine whether these cells act directly on the contrast response or indirectly through T4, we repeated the screen in a T4/T5 block background. Moreover, working in such a simplified visual circuit makes it easier to interpret a particular phenotype when silencing neurons upstream to T4 and T5. As expected, the optomotor response remained abolished for flies in which lamina or medulla neurons were blocked in addition to T4 and T5 ( Figure 4E ). When analyzing responses to counterphase flicker, we found that blocking L1 led to a strong response reduction while silencing L3 or L4 increased the response strength, and blocking L2 or L5 did not have a significant effect ( Figure 4F ). Blocking Mi1 led to a small, but significant, response reduction and blocking Tm3 strongly reduced the response. We also combined the Mi1/Tm3 block with the T4/T5 block and found that such flies no longer responded at all to the counterphase flicker ( Figures 4D and 4F) . We conclude that medulla interneurons Mi1 and Tm3 act directly on the contrast response, and not via T4/T5, and that the response is modulated by L3 and L4.
Mi1 and Tm3 neurons are thought to provide temporally different and spatially offset signals to the dendrites of T4 neurons for computing motion direction of luminance increments (Behnia et al., 2014; Takemura et al., 2013) . The optomotor response reduction we observed when Mi1 and Tm3 were jointly silenced is in agreement with previous findings (Ammer et al., 2015) which indicated an important role of these neurons in fly motion vision. Our data further suggest that Mi1 and Tm3 are also key elements for spatial contrast computation. In addition to targeting T4 neurons, Mi1 and Tm3 project onto yet unidentified neurons which function in parallel to T4 cells. In summary, thus, motion and contrast computations are carried out by shared neuronal circuit elements within the ON pathway and, subsequently, visual processing streams diverge.
Mi1 and Tm3 Neurons Form a Center-Surround Antagonism
We found that responses to counterphase flicker were spatial frequency-tuned, which suggested that the underlying neuronal system uses lateral inhibition for contrast computation ( Figures  3G and 3I) . Taking away lateral inhibition should decrease responses to intermediate spatial frequency but should increase the response strength to large spatial frequencies, in particular to homogeneous field flicker. Such a differential effect allows distinguishing lateral inhibition from localized inhibition as silencing a cell involved in localized inhibition should affect responses to all spatial frequencies equally. Our experiments show that silencing Mi1 or Tm3 leads to a reduced responsiveness to counterphase flicker of intermediate spatial frequency (l = 20 ; Figure 4F ). To test for responses to large spatial frequency flicker, we presented flies with a wide 1 Hz homogeneously flickering region on the right side ( Figure 5A ). We observed that the turning speed of control and T4/T5 block flies followed the luminance dynamics of the stimulus: Flies turned right for luminance decrease and left for luminance increase (Figures 5B and 5C ). Blocking Mi1 or Tm3, with intact T4 and T5, had no effect on the behavior, and silencing Mi1 in a T4/T5-blocked background did not change the behavior either. However, silencing Tm3 together with T4 and T5 cells almost doubled the response amplitude. In contrast, blocking Mi1 and Tm3 at the same time abolished responses to field flicker completely ( Figure 5C ). These findings, together with our previous silencing experiments ( Figure 4F ), suggest that Mi1 and Tm3 neurons form a center-surround antagonism for the computation of spatial contrast. In this arrangement, Tm3 cells provide lateral inhibition, not localized inhibition.
The fact that the Tm3 block phenotype was only visible when T4 and T5 neurons were additionally silenced suggests an interesting interplay between the motion and contrast circuit: Since Tm3 is connected to T4 (Takemura et al., 2013) , Tm3 output likely modulates T4 responses to field flicker. In turn, T4 and T5 output can reduce the responsiveness of the contrast system using mechanisms discussed previously ( Figures 2H, 2I, 3H , and 3I). Hence, silencing only Tm3 might show no phenotype in the response to field flicker because an increased flicker sensitivity in the contrast system is compensated by an increased flicker sensitivity in the motion system.
Contrast Illusions in Mi1/Tm3-Silenced Flies
Having identified Mi1 and Tm3 as the key players shaping response dynamics to counterphase and homogeneous field flicker (Figures 4 and 5) , we wondered whether such flies also show deficits when presented with contrast illusions ( Figures  1F-1H and 2) . We first stimulated Mi1/Tm3-silenced flies with full-field sine-grating motion and found a reduction of the optomotor response ( Figures 6A and 6B ). The effect was smaller compared to our previous findings ( Figure 4E ), since we used bilateral motion stimuli here, likely leading to a response saturation. When presenting the contrast motion illusion ( Figure 1F ) to Mi1/Tm3 block flies, turning responses were completely abolished ( Figures 6C and 6D ). This finding suggests that the contrast motion illusion is mediated by spatial contrast computations within the ON pathway. Subsequently, neurons postsynaptic to Mi1/Tm3 globally integrate these contrast cues and control behavior.
We also tested Mi1/Tm3 block flies with the single-field contrast asynchrony illusion (compare Figures 2A-2C, 6E , and 6F). The response amplitude to a flickering stripe on a dark background was not different to that of control flies. Yet, when the background was bright or gray, response amplitudes were strongly reduced ( Figures 6E and 6F) . Moreover, we compared response phases for the dark and bright background condition and found that responses were still in antiphase to one another. However, turning speed oscillations for the two background conditions were shifted in phase by $90 compared to controls. The same was true for Mi1/Tm3 block flies in a T4/T5 block background ( Figure S4) .
We also performed spatial frequency tuning experiments in Mi1/Tm3 block flies ( Figures 6G and 6H) . To our surprise, we found that for low spatial frequencies, control and Mi1/Tm3 block flies showed weak but identical responses to counterphase flicker. Only for intermediate spatial frequencies, control flies had a much stronger contrast response.
These experiments indicated that beside the Mi1/Tm3-dependent local spatial contrast system, another Mi1/Tm3-independent contrast system exists which operates on larger spatial scales, perhaps globally. To directly test this hypothesis, we slightly modified the single-field contrast asynchrony stimulus and now only varied the background luminance locally around the 1 Hz flickering stripe ( Figure S5A ). The rest of the arena was gray. Hence, the global light levels remain approximately Data represent mean ± SEM with n = 14-19 flies per group. p values based on a two-sided Welch's t test, comparing the group of block flies with respective control groups (groups with combined lamina or medulla block + T4/T5 block were compared only to the T4/T5 block group; **p < 0.01; ***p < 0.001). Detailed statistics in Table S1D . Shibire ts control flies in dark gray, Gal4 control flies in light gray, lamina and medulla block flies in blue, T4/T5 block flies in red, and combined lamina or medulla block + T4/T5 block flies in violet. Raw time traces for control flies (black) in (B) are pooled from shibire ts control, T4/T5 control, and Tm3a control flies. See Figures 1A, 1B , and S1A for schematics of cell types and locations.
gray for any local background luminance. If a Mi1/Tm3-independent global contrast system exists, Mi1/Tm3 block flies should respond, independently of local background light levels, with a 2 Hz contrast response as the flickering stripe is compared to global gray background light levels. When we tested the new stimulus, control flies behaved as before (compare Figures 2B,  2C , S5B, and S5C), indicating that the local contrast system is the dominating one. Mi1/Tm3 block flies however responded with a weak 2 Hz response that was independent of local background luminance ( Figure S5B-S5D ), providing evidence for the existence of a global contrast system. In summary, the observed residual turning responses in Mi1/ Tm3-silenced flies ( Figures 6E-6H ) are likely mediated by another, weaker, subsystem which analyzes spatial contrast on a global scale.
Output Elements of the Circuit for Spatial Contrast Computation
Next, we wanted to identify the output elements of the contrast computation circuit. As neurons with major input from both Mi1 and Tm3, other than T4, have not yet been identified (Takemura et al., 2013) , we could not proceed further with our strategy of characterizing circuit elements based on their behavioral phenotype when silenced. Since membrane depolarization in lobula plate tangential cells elicits an optomotor response (Haikala et al., 2013) , we wondered whether the membrane voltage of these cells might also reflect the contrast responses we observed in the behavioral experiments. In order to test this hypothesis, we performed electrophysiological whole-cell patch clamp recordings from these neurons, stimulated flies with motion and counterphase flicker, and silenced synaptic output of either T4 and T5, or Mi1, Tm3, T4, and T5, as in the behavioral experiments.
When stimulated with motion along the vertical axis of a horizontally oriented sine-grating, lobula plate vertical system cells responded in a direction-selective manner (Figures 7A and 7B ). Table S2A . Shibire ts flies in dark gray, Mi1/Tm3 control flies in light gray, Mi1/Tm3 block flies in blue. Raw time traces for control flies (black) in (A), (C), (E), and (G) are pooled from both control groups.
As expected from previous studies (Schnell et al., 2012) , motion responses were completely abolished when blocking T4 and T5. Blocking Mi1 and Tm3 in addition did not change responses further. Next, we stimulated flies with counterphase flicker of the same orientation, providing 1 Hz local luminance flicker and 2 Hz spatial contrast flicker. We observed complex oscillatory voltage dynamics in control flies ( Figure 7C ) which contained both a 1 Hz and a 2 Hz component ( Figure 7D ). Hence, vertical system cells integrate both the 1 Hz luminance dynamics of counterphase flicker as well as its 2 Hz spatial contrast dynamics. When we tested T4/T5 block flies, the neurons' voltage dynamics were much simpler: While the 1 Hz component was completely abolished, the 2 Hz response component remained unchanged and when silencing Mi1/Tm3 together with T4/T5, the 2 Hz response component was strongly decreased as well.
In further experiments, we also recorded from lobula plate horizontal system cells and presented sine-gratings with vertical orientation ( Figure 7E ). We obtained essentially the same results as we did in vertical system cells ( Figures 7E-7H ). Because no motion and contrast responses were detectable in flies with silenced Mi1, Tm3, T4, and T5, we also tested full-field flicker ( Figure S6 ). In these flies, we still found robust voltage responses to such stimuli, indicating that even more visual processing pathways arrive at the lobula plate (Schnell et al., 2012) and that the recorded neurons were functionally intact.
From these experiments, we conclude that lobula plate tangential cells not only collect direction-selective input from T4 and T5; they also receive signals from another, unidentified, visual pathway which computes spatial contrast. This pathway requires Mi1 and Tm3 to be functional and bypasses T4 and T5. Hence, spatial contrast and motion cues converge in the lobula plate where they shape visuomotor behavior together. Such interactions could also explain the smaller contrast responses in control flies compared to that of T4/T5 block flies which we observed in some of the behavioral experiments ( Figures 2H,  2I , 3H, 3I, and 5C).
Modeling
Our experiments revealed that contrast responses rely on the change of absolute spatial contrast. In particular, when spatial contrast decreases on the right side, flies turn right, when it increases, flies turn left (Figures 2 and 3) . Based on these experimental findings, we developed a minimal computational model which could reproduce our results.
Spatial contrast can be computed by taking the difference between adjacent luminance values, i.e., by lateral inhibition,
where S i describes signals of an ommatidium at location i. The change in absolute spatial contrast can then be described by a full-wave rectification followed by a high-pass filter: This equation can be translated into a simple detector model diagram ( Figure 8A ). We modeled motion detectors as classical Hassenstein-Reichardt detectors (Hassenstein and Reichardt, 1956) . The output of an array of both types of detectors was locally weighted and summated according to the positiondependent function found in our experiments ( Figure 2G ). A final low-pass filter mimicked the inertia of the motor system. We presented the model with exactly the same visual stimuli as used in the behavioral experiments. We then tested the model under two conditions, the complete model (both systems = simulating control flies) and the model without Hassenstein-Reichardt detectors (only contrast system = simulating T4/T5 block flies).
The model reproduced the antiphasic turning response oscillations for the flickering stripe under the dark and bright background conditions, respectively, as well as the frequency doubling when the background was gray (Figures 8B-8D) . Moreover, we observed a small 1 Hz component in the response in the complete model (Figures 8B and 8E) . The phase and the mean of the response oscillation were only slightly different compared to those measured experimentally (compare Figures 8C and  2C) . Next, we varied the position, the signal amplitude, and the size of the flickering stripe on a gray background. As expected, the model reproduced the position dependency because positional weighting was an intrinsic component of the model construction. Moreover, the model showed a linear dependency on the signal amplitude ( Figure 8H ), which is expected from the model structure. Our model also reproduced the other experimental findings which were not used for its design. The model reproduced the shape of the size dependency and even predicted a small reduction for larger sizes under control conditions (compare Figures 8I and 2I) . We also probed the spatial receptive field properties of the model (Figure 8J ) and obtained very similar results as observed in our experiments (Figure 3) . Finally, we presented the contrast motion illusion to our model ( Figure 8K ): The model faithfully reproduced both the direction and the amplitude of the response for both stripe luminance profiles as seen in our experiments ( Figures  1F-1H) . The negative arm of the Hassenstein-Reichardt detector was minimally weighted less than the positive arm (Eichner et al., 2011) , which is the reason why simulated control flies have slightly different contrast responses to stripe flicker and counterphase flicker than simulated block flies.
In summary, using a single set of parameters, the simple model reproduced our experimental results astonishingly well, both qualitatively and quantitatively. We conclude that spatial contrast computation in the fly visual system is based on lateral inhibition followed by full-wave rectification and high-pass filtering. The resulting spatial contrast signals are then globally integrated in a similar fashion as local motion cues.
As our experimental findings indicate that Mi1 and Tm3 neurons are required for both spatial contrast computation and for motion vision (Figures 4 and 6) , we also wanted to know to what extent a more detailed model, incorporating such a circuit overlap, can account for our results ( Figure S7 ). The detailed model is based on separate pathways for brightness increments (ON pathway) and for brightness decrements (OFF pathway). Within each pathway, motion is computed by independent polarity-specific Hassenstein-Reichardt detectors (Eichner et al., 2011) . We extended the ON pathway by a stage for the computation of absolute spatial contrast, as done in the less complex model (Figure 8) . Simulation of the model under different conditions (control condition = full model; T4/T5 block = only the contrast system; Mi1/Tm3 block = only the OFF pathway) revealed a qualitative and quantitative match to most of our experimental data. This shows that overlapping circuitry in the ON pathway can account for spatial contrast computation as well as for motion computation.
As suggested by our experiments, apart from computing local spatial contrast, flies also have a system for the computation of spatial contrast on a global scale ( Figures 6C-6H and  S5) . We incorporated such a system in our detailed model by taking signals from photoreceptors minus the global average luminance level followed by full-wave rectification and highpass filtering ( Figure S8) . Interestingly, the model now reproduced the residual responses to the single-field contrast asynchrony illusion (compare Figures 6E and 6F with Figures  S8B and S8C) , the counterphase spatial frequency tuning experiment (compare Figures 6G, 6H , and S8J) and the lack of responses to the contrast motion illusion (compare Figures  6C, 6D , and S8K) under Mi1/Tm3 block conditions (only the OFF pathway and the system for global contrast computation intact). This close agreement between modeling and experiments provides further evidence that a Mi1/Tm3-independent contrast system operating on a larger spatial scale can account for the residual responses seen in Mi1/Tm3 block flies ( Figure 6 ).
DISCUSSION
In this paper, we studied contrast computation in Drosophila. We employed two types of contrast illusions, the contrast motion illusion and the single-field contrast asynchrony illusion, as a tool to explore the underlying circuit mechanisms. Testing the first type of illusion, we found that flies responded with a turning response along the direction of illusory motion as perceived by humans (Shapiro and Hamburger, 2007) (Figures 1F-1H ). Moreover, when testing the second type of illusion, flies responded to the flickering spatial contrast rather than to its flickering luminance (Figure 2) , a phenomenon which is also observed in human psychophysics (Shapiro et al., 2004) . Genetic silencing of the essential elements of motion computation, T4 and T5, left responses to contrast stimuli largely unaffected. This suggested that spatial contrast and motion computations are implemented in different visual pathways. Further behavioral analysis revealed that lateral inhibition is involved in the computation, resulting in spatial frequency and orientation tuning of contrast responses (Figure 3 ). Using counterphase flicker as a stimulus which elicits robust responses to spatial contrast change, we identified the lamina neuron L1 and its postsynaptic partners Mi1 and Tm3 to be essential for contrast computation ( Figure 4D ). Moreover, silencing the output of both Mi1 and Tm3 at the same time, completely abolished responses to the contrast motion illusion and reduced, or even inverted, responses to the single-field contrast asynchrony illusion (Figures 6C-6F) . These results held also true when blocking T4 and T5 in combination with Mi1 and Tm3 ( Figures 4D and S2) .
Notably, connectomics (Takemura et al., 2013) and electrophysiological recordings (Behnia et al., 2014) revealed small receptive fields for Mi1 and larger receptive fields for Tm3. Both neuron types provide spatially offset and temporally different input to the T4 dendrite in order to shape its directionselectivity (Behnia et al., 2014; Takemura et al., 2013) . In agreement with previous silencing experiments (Ammer et al., 2015) , our experiments provide further behavioral evidence for an important role of Mi1 and Tm3 in motion vision because Mi1/ Tm3-silenced flies show a reduced optomotor response ( Figures  4C, 6A , and 6B). We identified Tm3 to be important for lateral inhibition during contrast computation ( Figure 5 ), but lateral inhibition is not apparent in electrophysiological recordings from Tm3 (Behnia et al., 2014) . Hence, lateral inhibition ought to be further downstream. Taking these findings and our modeling results (Figure 8 ) into account, we suggest that Mi1 provides excitatory input and Tm3 surround inhibition to neurons other than T4 in order to compute spatial contrast. We speculate that a similar circuit motif might also be found on the T4 dendrite (Behnia et al., 2014; Takemura et al., 2013) , forming the basis for orientation-selective responses described for these cells (Fisher et al., 2015; Maisak et al., 2013) .
Using electrophysiological recordings, we found voltage oscillations in lobula plate tangential cells that correlate with the contrast dynamics of counterphase flicker (Figure 7) . Blocking T4 and T5 cells left the response intact, but silencing additionally Mi1 and Tm3 neurons abolished the response. Hence, contrast cues converge on the level of the lobula plate, bypassing T4 and T5. Tm3 is known to synapse also in the lobula (Fischbach and Dittrich, 1989) (Figures S1A, S2A , and S2C), which could be the area where spatial contrast cues are integrated and then transmitted into the lobula plate.
Nevertheless, the identification of a membrane voltage representation of contrast computation does not necessarily imply that lobula plate tangential cells control the behavioral responses we observed. The responses to counterphase flicker might simply be a reflection of other, unidentified, neurons within the highly interconnected network of lobula plate tangential cells (Haag and Borst, 2001 , 2002 Schnell et al., 2010) . Moreover, the contrast system might provide signals to neurons in the lobula as well. In order to identify such elements, it will be required to explore further postsynaptic partners of Mi1 and Tm3, and probe the response properties of lobula plate neurons, after silencing such cells.
In conclusion, spatial contrast and motion computation in the fly brain share some of the neuronal circuit elements, pre-and postsynaptic to T4 cells. Such a circuit design suggests that computation of contrast provides important auxiliary signals which assist or further shape direction-selective responses in lobula plate tangential cells. Such cues could, for example, equilibrate motion responses to local variations of contrast, shape motion response to edges or bars , improve orientation or spatial frequency tuning, or realize figure-ground discrimination (Egelhaaf, 1985) . Our identification of the mechanisms and neuronal elements of spatial contrast computation opens the door for further behavioral, genetic, anatomical, and physiological dissections of these interactions and might help to elucidate the functional relevance of spatial contrast computation, and the associated contrast illusions, in flies and, perhaps, even humans.
EXPERIMENTAL PROCEDURES
Behavioral experiments were performed as described previously . Briefly, tethered flies were walking on an air-suspended ball in a monitor-based virtual environment. Temperature was precisely controlled. In the electrophysiological experiments, control and block flies were heatshocked for one hour before the experiments. The recording protocol was as described previously (Joesch et al., 2008) . Immunostainings and stochastic flip-outs ( Figures S2A and S2C ) were performed as previously described Yu et al., 2010) . For statistical analysis, we use a two-sided Welch's t test throughout the paper. In order to average circular phase angles and to determine their variance, we applied circular operators. Statistical tests were performed between both genetic controls and block flies (shibire ts and Gal4 control versus block) and the larger p value determined significance: p* < 0.05, p** < 0.01, and p*** < 0.001. For the simulations, we used movies of 360 3 180 pixels at 60 Hz as model stimuli which were rendered from cylindrical projections of the same stimuli used in the experiments. Simulations were carried out according to the models shown in Figures 8A, S7A , and S8A. See Supplemental Experimental Procedures for detailed methods.
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Supplemental Information includes eight figures, six tables, three movies, and Supplemental Experimental Procedures and can be found with this article at http://dx.doi.org/10.1016/j.neuron.2015.11.004.
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